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HBCD）对出膜后 24 小时的仔鱼进行暴露。利用商品化的表达谱芯片检测暴露 7
天后的海水青鳉的基因表达情况，对获得的差异基因进行生物信息学分析，探讨
利用毒理基因组学技术分析 HBCD 对海洋鱼类毒性效应的可行性。在此基础上，





































4. 对海水青鳉进行环境水平的 HBCD 暴露 90 天后，海水青鳉的产卵率以及
F1代出膜率均无显著改变，但性别比例受到影响，且暴露后雄鱼精子细胞囊个体
排列分散，雌鱼卵泡颗粒细胞层出现排列紊乱，细胞结构固缩，细胞体积减小的




































The marine medaka has proved to be a useful model for the analysis of effects by 
environmental toxicants. In the present work, larval medaka, Oryzias melastigma , 
(within24 hrs post-hatch) were exposed to HBCD at various concentrations(0, 0.2, 2, 
20nM)for up to 7 days, and then, customized microarrays have been used to detecting 
the gene expression profiles of medaka exposed to HBCD for explore the feasibility 
of use toxicogenomic approach for evaluating the toxicity of chemicals . Based on 
this,we conducted a preliminary analysis of morphological and histological on the 
nervous and reproductive systems of the marine medaka exposed for 90 days . 
The main results as follows： 
1. In this study, A volcano plot and MDS-2D were drawn by GeneSpring 11.0 
software based on the overall gene expression, the results showed that the treatment 
and control groups were separated, and the total number of significantly genes has 
grown. It was found that there was a certain degree of dose-effect and proved the 
good quality of microarray.Resluts suggest that transcriptomic studies on larval 
medaka can help elucidate the toxic effects.A total of 872 differentially expressed 
genes were identified by Significance Analysis of Microarray.Validation of 
microarray results was performed by examining the levels of expression for partly 
genes using qPCR. At the same time,clustering analysis performed on the significant 
genes resulted in the formation of four distinct clusters corresponding to the 
expression pattern. 
2. In this work, we did functional annotation of the differential genes in DAVID、 
KEGG pathways and IPA-TOX, and found that hexabromocyclododecane (HBCD) 
exposure is mainly related to the ribosome, base excision repair, pentose phosphate 
pathway and P53, Wnt ,Notch signaling pathway.Besides, the exposure has significant 
impact on TR/RXR activation,liver necrosis and mechanism of gene regulation by 
peroxisome proliferators via PPARα. Resluts suggest that the classifier genes were 















score is 1.4343), weakly with reproduction(the enrichment score is 0.2962). 
Combined with CTD database, 10 major regulatory genes were screened out:notch1a, 
edn1, hoxd4a, neurog1, sip1, cast, mc2r, grna, cyp26c1, angptl1. Further research may 
provide a reference to prediction and diagnosis of reproductive toxic effects caused by 
HBCD exposure . 
3. The experimental result of long-term exposure shows that HBCD does do some 
damage to the nervous and reproductive systems. According to the data of the 
exposure to high concentration group, the number of glial cells in the telencephalon 
has been noticeably reduced, and the layer of granular cells in the optic tectum has 
become thinner as the concentration increases, which indicates the neurotoxic effect 
of being exposed to HBCD is noticeable, and it is the same as the result analyzed by 
microarray. 
4. When marine medaka was exposed to HBCD at environmental levels for 90 
days, the spawning rate and hatching rate of F1 generation was not significantly 
changed. However, the sex ratio was significantly affected, and the cell capsule of 
sperms was dispersive arranged. As to the ovarian follicle of female, the granulosa 
cell layer appeared disorganized, cell structure shrinked and cell size reduced. 
Meanwhile, F1 generation showed a tendency of lagging hatching.  
In conclusion, this study showed that chronic exposure to environmental levels 
of HBCD impaired marine medaka nervous system and reproduction, which was 
consistent with the results of gene expression profile. These results, on one hand, 
showed that HBCD has neuro-toxicity and reproductive toxicity, on the other hand, 
proved that it was possible to predict the toxicity of exogenous compounds with 
toxicogenomics, moreover, it gave new clues for further study of the toxic effects of 
HBCD and the specific molecular mechanisms involved. 




















子量 641.7。商业化的 HBCD 是由三种异构体组成的混合物，其中 3-30%是异构
体 α- 和 β-HBCD，而主要的 γ-HBCD 占 70-95%（质量分数）[1]。结构如图 1-1
所示，每一种都有特定的 CAS 号码，其在水中的溶解度 α-， β-，γ-，分别为 48.8、
14.7 和 2.1µg/L。此外，商业化的试剂中还发现了另外两种异构体：δ- HBCD 和 







图 1-1 三种 HBCD 异构体的化学结构 
Fig. 1-1 Chemical structure of Hexabromocyclododecane (α-， β-，γ-) 




量的使用。自 1960 年开始，HBCD 每天的产量呈递增趋势。2001 年的全球市场
需求为 16700 吨，到 2003 年达到 22000 吨（BSEF-2006）, 至 2006 年时已有
9000-10000 吨在中国生产，而 13426 吨由欧洲和美国的 BSEF 子公司生产














第一章 前 言 
2 
进入环境的 HBCD 大部分与其生产、使用和处理过程有关，每年释放到环
境中的 HBCD 至少有 11807kg，其中 3.01kg 在其制造过程中排放，通过其他商
业性途径使用 2440kg，此外还有大部分由各种废弃垃圾释放到环境中[3]。 
在 HBCD 未大量投入生产之前，另一种添加型阻燃剂 -多溴联苯醚
（Polybrominated diphenyl ethers，PBDEs）曾经被广泛使用[4]。但由于其使用过
程中所带来的环境污染问题，商业 PBDEs 中的五溴联苯醚(PeBDE)和八溴联


























































体内总HBCD含量分别为77.1和18.5 ng/g 脂重 [14]。而2007年时中国也首次报道
了长江淡水鱼肌肉组织中HBCD的含量为12- 330 ng/g 脂重[15]。另有研究发现在

























含量测定发现，挪威母乳中HBCD的平均浓度有0.4 ng/g lw(脂类)， 高可达2.4 
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